We present the predictions of the SuSAv2-MEC model for the double differential charged-current muonic neutrino (antineutrino) cross section on water for the T2K neutrino (antineutrino) beam. We validate our model by comparing with the available inclusive electron scattering data on oxygen and compare our predictions with the recent T2K ν µ -16 O data [1], finding good agreement at all kinematics. We show that the results are very similar to those obtained for ν µ − 12 C scattering, except at low energies, and we comment on the origin of this difference. A factorized spectral function model of 16 O is also included for purposes of comparison.
I. INTRODUCTION
The accurate understanding of medium effects in neutrino-nucleus scattering has become a major challenge in recent years due to the essential role played by nuclear physics in the analysis of neutrino oscillation experiments. In fact, nuclear modeling uncertainties for this process represent the main source of systematic error for present (T2K, NOvA) and future (HyperK, DUNE) long baseline neutrino experiments, aiming at precision measuremens of neutrino oscillation parameters and searching for leptonic CP violation. This has triggered intense activity in the nuclear theory community with the goal of describing neutrino-nucleus observables with high accuracy [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Most of the past work was focused on scattering of neutrinos and antineutrinos on mineral oil, CH 2 , which has been the most commonly used target up to now. However, there is increasing interest in theoretical predictions for cross sections on different targets, specifically 40 Ar and 16 O . In particular, in the T2K experiment the far detector may have different nuclear targets, mineral oil and water, and it is then crucial to understand how to extrapolate the results from one target to another.
The aim of this paper is, within the framework of the SuSAv2-MEC nuclear model [9, 16, 18] , to explore the similarities and differences between charged current (CC) (anti)neutrino scattering with no pions in the final state (the so-called CC0π process) on 16 O and 12 C . This process receives contributions from two different reaction mechanisms: quasielastic (QE) scattering, where the probe couples to the one-body current of a single bound nucleon, and the process where scattering occurs on a pair of nucleons interacting through the exchange of a meson, giving rise to two-body meson exchange currents (MEC). These two mechanisms in general have different dependences on the nuclear species, namely they scale differently with the nuclear density [19] . Therefore a careful investigation of this behavior for the two contributions must be performed before extrapolating the results from one nucleus to another.
A further difficulty arises from the fact that in oscillation experiments the neutrino energy is not known precisely, but broadly distributed around a maximum value: as a consequence each kinematic situation for a given outgoing lepton corresponds to a range of different neutrino energies and the one-and two-body responses cannot be disentangled in the experimental data. The situation is different in electron scattering, where the very precise knowledge of energy and momentum transfer allows one to identify clearly the different reaction mechanisms. As a consequence, (e, e ′ ) data provide a necessary test for the validity of the nuclear model. A factorized spectral function model [20] [21] [22] for 16 O is shown for purposes of comparison. Finally, in Sec. IV we draw our conclusions.
II. THEORETICAL FORMALISM: THE MODEL
The general formalism describing electron and charged-current neutrino-nucleus scattering processes has already been presented in detail in previous works [15, 16, [23] [24] [25] [26] [27] . Here we summarize the basic expressions involved in the differential cross sections for the discussion that follows. In the case of electron scattering, the double differential (e, e ′ ) inclusive cross section is given in terms of two response functions that account for all of the information on the nuclear effects involved in the process,
where σ M ott is the Mott cross section and the v's are kinematical factors that only depend on the leptonic variables (see [28] for their explicit expressions). The response functions are
given by R L,T with L (T ) referring to the longitudinal (transverse) direction of the transferred momentum, q. Notice that both responses contain isoscalar and isovector contributions.
In the case of CC neutrino-nucleus scattering, the double differential cross section is also decomposed in a sum of responses, each of them composed of pure vector (VV), axial (AA) and interference (VA) components. The general expression for the cross section is given by
withR K the weak nuclear response functions, and
that depends on the Fermi constant G F , the Cabibbo angle θ c , the outgoing lepton momentum k ′ , and the generalized scattering angleθ [15] . The termsV K are kinematical factors whose explicit expressions can be found in [15, 29] . Note that the transverse channel contains an interference vector-axial (VA) response that is constructive (+) for neutrino scattering and destructive (-) for antineutrinos.
A. SuSAv2: brief summary
In this work all the electromagnetic and weak nuclear responses have been evaluated within the framework of the SuSAv2 model [16] . This approach, based on the scaling and superscaling properties exhibited by electron scattering data, also takes into account the Although SuSAv2 was originally applied to the analysis of data within the quasielastic (QE) domain, i.e., based on the validity of the impulse approximation (IA), in [9] the model was extended also to the inelastic region by employing phenomenological fits to the single-nucleon inelastic electromagnetic structure functions. Notice that in both regimes, QE and inelastic, the general structure of the "blending" scaling functions is similar, and the difference in the nuclear responses comes essentially from the single-nucleon structure functions used, elastic versus inelastic, as well as from the different region (q, ω-values)
explored. The sensitivity of the model to several choices of the parameters involved in the "blending" function as well as a detailed comparison between the SuSAv2 predictions and inclusive (e, e ′ ) data on 12 C for very different kinematical situations was presented in [9] . In the case of 16 O the available electron scattering data cover only a limited kinematic region (see [30] and [31] ) and can be well represented using constant parameters, specifically a Fermi momentum k F =230 MeV/c and an energy shift E shif t =16 MeV, as discussed below.
In order to apply the model to the wider kinematic range of interest in neutrino experiments, we assume the same q-dependence of the parameters found by fitting the carbon data, with a global rescaling of the Fermi momentum and energy shift to the values above specified.
This choice is motivated by the validity of second-kind scaling, which is fulfilled very well by electron scattering data on different nuclei.
The SuSAv2 model, with the separate analysis of the isoscalar and isovector channels, makes it very well suited for describing charged-current (CC) neutrino-nucleus scattering processes. This has been clearly illustrated in [16] where the model was applied to CC neutrino reactions within the QE domain. Furthermore, its extension to the inelastic region was introduced in [18] , but restricting the analysis to the ∆ resonance that in most of the cases plays a major role. The addition of higher inelasticities is in progress and the results will be presented in a forthcoming publication.
B. 2p-2h MEC responses
Ingredients beyond the IA, namely 2p-2h MEC effects, have been shown to play a very significant role in the "dip" region between the QE and ∆ peaks. This has clearly been illustrated in [9] where the 2p-2h MEC effects added to the SuSAv2 predictions (denoted as MeV/c, that significantly reduces the computational time. Its functional form is given in detail in [9, 18] for the case of 12 C, and here it is extended to the analysis of 16 O data.
C. Oxygen versus Carbon predictions
Some comments are in order concerning the present results for 16 O compared with the previous ones for 12 C (see [9, 18] ). In the particular case of the SuSAv2 model, no differences in the scaling functions are assumed for the two nuclei, except for the values used for the Fermi momentum and energy shift: k F = 228 MeV/c, E shif t = 20 MeV for 12 C and are also consistent with the general trend observed in [32] . This is at variance with some previous works [24, 29, 33, 34] where 16 O was described by using k F = 216 MeV/c and relies. This has been studied in detail in previous works (see [14, 33, 35, 36] ) where the electromagnetic and weak scaling functions evaluated with the RMF and RPWIA approaches have been compared for 12 C and 16 O. Although the two models lead to significant differences, with the asymmetry (long tail extended at high ω-values) only emerging when FSI are accounted for through the strong energy-independent scalar and vector potentials that are present in the RMF model, only very minor differences appear in the inter-comparisons for the two nuclei.
Regarding the 2p-2h MEC contributions, our calculations show that they approximately scale as k 2 F . This result, that is consistent with some analyses presented in the past [37, 38] , also matches the detailed study we have recently pursued in [19] . However, it is important to point out that, although the k 2 F -scale rule for the MEC responses works remarkably well at the peak of the MEC response (see [19] ), the degree of its validity depends on the particular region explored. In the present analysis, we have checked that the same parametrization already considered for 12 C can be extended to 16 O but re-scaled with a factor 1.35, that is close to the ratio 8
2 between the nucleon numbers and the squares of the Fermi momenta for the two nuclei, and taking into account the different energy shifts.
This provides the best fit of the fully relativistic results for 16 O. These results are presented in Fig. 1 where two of the MEC responses are shown for the two nuclear systems (top panels), and their comparison when using the re-scale factor (bottom panels). Note the degree of accuracy between the results for both nuclei. Similar comments also apply to all the remaining electromagnetic and weak responses (not shown for brevity).
III. RESULTS
In what follows we apply our SuSAv2-MEC model to electron and CC neutrino scattering reactions on 16 O and compare the theoretical predictions with data taken at different kinematics and, in the case of neutrinos, given by the T2K collaboration [1] . The discussion follows closely the analysis already presented in the case of 12 C for electron [9] and neutrino (antineutrino) [18] processes, where data are given in [39] [40] [41] .
A. Electron scattering
Any theoretical model that aspires to describe neutrino-nucleus scattering processes should be first tested against electron scattering data. We employ the Gari-Krumpelmann (GKex) model for the elastic electromagnetic form factors [43] , whereas the inelastic structure functions are described making use of the Bosted and Christy parametrization [44] . The contribution of the 2p-2h MEC is also included in both the longitudinal and transverse channels. In accordance with previous comments, the value of the Fermi momentum is fixed to k F = 230 MeV/c.
In Fig. 2 (right-bottom) with the inelastic channel providing a very significant contribution. This is due to the values of the transferred momentum q involved in each situation. Although q is not fixed in each of the panels, i.e., it varies as ω also varies, the range of q-values allowed by the kinematics increases very significantly as the electron energy grows (for fixed scattering angles). Thus, for higher E i the two regimes, QE and inelastic, overlap strongly, the inelastic processes being responsible for the large cross sections at increasing values of ω.
This different range of q-values spanned in each panel also explains the relative role played by the RMF versus the RPWIA approaches. Although not shown in the figure for sake of clarity, whereas the RMF response dominates at lower E i -values (panels from left to right on the top), the reverse occurs, that is, the scaling function is essentially given by the RPWIA prediction, as E i increases (panels on the bottom).
As observed, the SuSAv2-MEC predictions are in very good accordance with data for all kinematical situations. Although the relative role of the 2p2h-MEC effects is rather modest compared with the QE and inelastic contributions, its maximum is located in the dip region between the QE and inelastic peaks. This makes 2p2h-MEC essential in order to describe successfully the behavior of (e, e ′ ) data against the transferred energy ω. This is clearly illustrated for all the panels in Fig. 2 . Data in the dip region can only be reproduced by adding MEC effects to the tails of the QE and inelastic curves. Indeed, at the peak of the 2p2h response the three contributions are comparable in size.
The spectral function model, as used here, is described in more detail in [22] for semiinclusive CCν scattering on 16 O . It is factorized with the relativistic single-nucleon cross section folded with a non-relativistic spectral function [20, 21] . It contains the correct rel- We show the separate contributions of the pure QE, the 2p-2h MEC and the sum of both.
Notice the role of the MEC effects compared with the pure QE ones -of the order of ∼15% at the maximum of the peak, except for forward angles, where they represent about 20% of the total cross section. Furthermore, the MEC peak compared with the QE one is shifted to smaller p µ -values. These results, which have already been observed in the case of T2K-12 C (see [18] to evaluate the importance of having different E shif t values at low energies, these were set equal for the two nuclei and the effect goes away. Again, as stated above, the near-threshold region should be viewed with caution in all existing modeling.
We explore the dependence of the C/O differences upon the neutrino energy in a bit more detail by displaying in Fig. 6 the total integrated cross section per neutron with no neutrino flux included versus the neutrino energy. The results shown here indicate that nuclear effects between these nuclei in the total cross section, that is, including both the QE and 2p-2h MEC contributions, are very tiny, at most of the order of ∼2-3%. This minor difference is also observed for the pure QE response (slightly higher for carbon) and the 2p-2h MEC (larger for oxygen). This is connected with the differing scaling behavior shown by the QE and 2p-2h MEC responses with the Fermi momentum, and the very close values of k F selected for the two nuclei. Upon including both the QE and 2p-2h MEC contributions, one observes that nuclear effects in the total cross section are very tiny. We also show the effect of making a "cut" at ω = 50 MeV, namely, setting any contribution from below this point to zero. This has been used in past work as a crude sensitivity test to ascertain the relative importance of the near-threshold region. If significant differences are observed when making the cut, then one should have some doubts about the ability of the present modeling (indeed, likely of all existing modeling) to successfully represent the cross section in this region. What we observe for the total cross section shown in the figure are relatively modest effects from near-threshold contributions, although one should be aware that this is not so for differential cross sections at very forward angles where small-ω contributions can be relatively important, as discussed above.
Although not shown in Fig. 6 for simplicity, the use of a smaller value of k F for 16 O, as the one k F = 216 MeV/c considered in some previous work [24, 29, 33] , leads to more significant differences in the QE (being larger) and 2p-2h MEC (smaller) contributions, but the total response remains rather similar to the result for 12 C. It is important to point out that the use of different k F -values only leads to significant discrepancies for low transferred energies, i.e., ω ≤ 50 MeV, a kinematical region where other ingredients, not included in arising from E shif t and the mass of the residual nucleus.
D. T2K antineutrino-water scattering
Finally, for completeness, in Fig. 9 we show the antineutrino-oxygen (i.e., with no hydrogen contribution) and in Fig. 10 in the SuSAv2+MEC model, and (2) we extended the approach from studies of inclusive (e, e ′ ) reactions to inclusive CCν reactions in exactly the same way used in our previous analyses of carbon. Given some ambiguity in the choice of parameters we also explored the consequences of making different choices, for instance, of the parameter E shif t used in our approach. Additionally we inter-compared CCν results for oxygen and carbon to explore the robustness of attempts to deduce the cross sections for one from the other. Moreover, we have provided predictions for antineutrino-oxygen and antineutrino-water cross sections in advance of their being available from the T2K collaboration. Finally, we have also included QE inclusive electron scattering and CCν (neutrino and antineutrino) results using a spectral function for oxygen together with a factorized PWIA model for the reactions.
The results are very satisfying. We see that the SuSAv2+MEC approach agrees quite well with the data, having no significant disagreements given the uncertainties in the data. rather low excitation energies. To test the sensitivity to this near-threshold region we do as we have in previous work and cut out all contributions from ω < 50 MeV: when nothing significant occurs one can conclude that these contributions are unimportant. However, when large changes are observed, we need to exercise caution in believing the modeling. For the SF model this forward-angle region shows very large effects, indicating, as should be expected, that the PWIA fails in the near-threshold region. In contrast, the SuSAv2 model contains an extension of what is usually called "Pauli blocking" and appears to do much better. Nevertheless, even for the latter approach some caution should be exercised.
Given the success of our modeling for inclusive (e, e ′ ) and CCν reactions now on two different nuclei we have increased confidence in employing the approach for heavier nuclei.
New features are likely to emerge in these cases and presently we are beginning to explore their consequences. Finally, and this was part of the motivation for including the SF modeling in the present study, we are engaged in extending the scope of our studies to include semi-inclusive CCν reactions, and being able to ascertain the capabilities of the SF approach for inclusive scattering provides a benchmark for the semi-inclusive studies.
